The two main categories of aetiological agent, namely, the nephrotoxic and the ischaemic, frequently overlap. Thus in states such as mismatched transfusion there is a combination of shock and a possible toxic effect of the free haemoglobin as well as immunological damage from the altered red cell stroma (Schmidt and Holland, 1967) . The distinction between the two main factors in the aetiology of tubular necrosis may be important when the mechanism of the renal disturbances is considered. The hypotensive situations result in a greatly diminished renal blood flow and glomerular filtration rate together with possible glomerular damage. The toxic conditions result in damage to specific portions of the renal tubule.
Clinical Features
The term anuria means literally the failure to form any urine but in practice clinicians use the term loosely to embrace an output of less than 100 ml in 24 hours (Hamburger, Richet, Crosnier, FunckBrentano, Antoine, Ducrot, Mery, and de Montera, 1968) . Oliguria, indicating a reduced output of urine of, say, less than 500 ml over a 24-hour period with a normal fluid intake, is a fairly constant but not invariable feature of the syndrome. Teschan, Post, Smith, Abernathy, Davis, Gray, Howard, Johnson, Klopp, Mundy, O'Meara, and Rush (1955) and Sevitt (1959) have drawn attention to some forms of uraemia associated with bums in which the urinary output was normal or even increased. Four clinical phases are described.
A review of the pathology and pathogenesis of acute renal failure due to acute tubular necrosis 1 FIRST PHASE
The first phase usually only lasts between one and 10 hours and extends from the time of the initial insult until the onset of oliguria. (1968) found that in many instances the glomerular capillaries were collapsed but they drew attention to the occasional presence of intracapillary thrombi and also to the presence of protein in the urinary space.
Electron microscope studies on the glomeruli Ultrastructural studies have been few and somewhat contradictory. Dalgaard (1960) and Dalgaard and Pedersen (1961) 2 Tubulorrhexis is characterized by tubular rupture. It may be found in any part of the nephron and can be seen in the collecting as well as in the proximal and distal tubules but is said to be most frequent in the region of the cortico-medullary junction. It is distinctly focal in distribution, many nephrons being spared, and is thought to be ischaemic in origin. Casts containing pigment are a frequent finding.
In histological sections one of the most striking features, first mentioned by Brun and Munck (1957) , is the impressive contrast between the moderate tubular structural change and the complete functional breakdown. In fact the clinico-pathological correlation with regard to the tubular lesions is notably poor. Lucke (1946) considered that in cases of shock and severe intravascular haemolysis the lesions were mainly in the distal tubule; hence the confusing term 'lower nephron nephrosis' found in the older literature. Many renal poisons, on the other hand, were thought to affect the proximal tubule only. These views were based on examination of conventional light microscope histological sections.
A review of the pathology andpathogenesis ofacute renalfailure due to acute tubular necrosis Oliver et al (1951) , using the method of microdissection, showed that the lesions of both types were often present and furthermore that they were patchy in distribution within any one nephron. In particular, Oliver demonstrated that tubulorrhexis occurred in the straight limb of the proximal tubule, often in the boundary zone between cortex and medulla. The .e. * A review of the pathology and pathogenesis of acute renal fai.ure due to acute tubular necrosis extensive changes in the tubules. They emphasized the focal nature of the lesions with normal cells being present alongside the necrotic ones. In studying the kidney in five cases with biopsies taken four to 14 days after the initial shock they showed two main types of lesion.
Degeneration and necrobiosis These changes were noted to be focally distributed throughout the nephron. The mitochondria were the most sensitive cellular elements, becoming at first slightly swollen followed by a granulation of the ground substance between the cristae and finally showing complete rupture of the cristae and vacuolation of the ground substance. In some instances, the cells showed complete disintegration with nuclear dissolution and loss of basement membrane and brush border. Similar lesions are present in experimental animals with tubular necrosis (fig 6) .
2 Regenerationt and differentiation In many of the flattened distal tubular cells there was a high concentration of sulphydryl groups and basophilia in their cytoplasm due to increased RNA; this was considered as evidence of regeneration. A relatively undifferentiated cytoplasm, with cell membranes which were simple in contour, was seen on electron microscopy. Olsen (1967) examined renal biopsy specimens from 10 patients with acute renal insufficiency which occurred as a complication following surgery, obstetrical procedures, extensive wounds, or caused by poisoning with sulphonamide or barbiturate. In several instances the proximal tubules showed 'osmotic' lesions similar to those seen in experimental animals following infusions of hyperosmotic solutions or dextran. Apart from this there was only a slight degree of damage in the proximal tubules. The 'osmotic' changes consisted of several large cytoplasmic vacuoles, some with dense inclusions. These are in fact degenerate mitochondria. The vacuole membranes had ruptured in some instances. The distal tubules showed a moderate degree of cytoplasmic change but actual necrosis was rare and he considered that the term tubular necrosis should be abandoned. In interpreting these findings it is important to remember that regeneration of tubular epithelium can take place very rapidly, although functional recovery may take much longer, and in the absence of serial biopsies taken from the time of injury to the time of recovery it cannot be denied that necrosis has occurred. Also the tubular damage may be focal and thus not sampled in occasional ultrathin sections.
BOUNDARY ZONE
One of the most characteristic morphological features of the kidney in shock is the accumulation of mononuclear cells seen in the vasa recta at the corticomedullary junction (fig 7) . These were first described in patients dying of scrub typhus by Allen and Spitz (1945) but were also noted by Liebow, Warren, and DeCoursey (1949) in those dying following the atom bomb explosions at Hiroshima and Nagasaki. These authors considered the cells to be lymphocytes. Dible (1953) remarked on their resemblance to haemopoietic cells and this observation was confirmed by a careful investigation made by Baker (1958) employing Romanovsky stained films made from blood oozing from the boundary zone as well as conventional histological sections. He considered that the reduction in blood flow was greatest in the medullary blood vessels in shock producing a relative anoxia. The anoxia was thought to be the stimulus for haemopoiesis.
INTERSTITIAL TISSUE
Oedema is often the most notable feature and has been of such prominence as to be invoked as a major factor in the production of anuria (vide infra). Cellular infiltration with lymphocytes and plasma cells is particularly marked in the boundary zone and is often seen in relation to necrosed segments of tubule.
Mechanism of Production of the Renal Lesion
The causes of tubular necrosis are so many and diverse that probably no one factor is all important in the production of the morphological lesions. In cases of poisoning the main lesions are found at the point in the nephron where the poison becomes fixed to the tubular cell; the most obvious example is the necrosis that is seen in the proximal tubules following ingestion of mercuric chloride. In many instances renal ischaemia must play the most significant role. Badenoch and Darmady (1947) drew attention to the importance of this in an experimental study in rabbits, and Bull, Joekes, and Lowe (1950) labelled with 51Cr through the kidney. Their findings be activation of the renin angiotensin system which were more in keepingwith ared cell shunt occurringat is discussed below. a postglomerular rather than at a medullary level. Fibrinogenopenia has been noted in many cases of Mechanism of Production of Anuria shock, particularly of an obstetric origin, and the role of disseminated intravascular coagulation may It is one of the paradoxes of renal pathophysiology be of the greatest importance (Wardle, 1973) the seat of tubular necrosis Dible and Bull (1953) , as well as others, put forward the theory that leakage of glomerular filtrate occurred through the damaged tubule into the interstitial tissue with a consequent rise in intrarenal tension. This in turn was considered to cause obstruction to renal blood flow followed by a reduction in glomerular filtration and consequent oliguria. Unfortunately measurements of intrarenal tension both in experimental animals (de Wardener, 1955) and in man (Brun, Crone, Davidson, Fabricius, Hansen, Lassen, and Munck, 1956 ) have shown no significant difference in intrarenal pressures between normal kidneys and those with anuria due to tubular necrosis. Mechanical obstruction of the tubules by casts or by swollen tubular cells (Hamburger, Halpern, and Funck-Brentano, 1954) Finckh, Jeremy, and Whyte (1962) supported the opinion that oliguric renal failure is the result of diminished renal blood flow and reduction in glomerular filtration rate. These authors noted a complete lack of correlation between the clinical features and the lesions seen in the tubules. They considered that the majority of the tubular lesions were due to ischaemia but that the formation of casts was related to the slow rate of glomerular filtration, especially when there was a heavy pigment load, and that the lesions in the distal tubules and the interstitial inflammation were a reaction to the impacted casts.
The importance of the reduction in glomerular filtration has gained strong support from the micropuncture work of Flanigan and Oken (1965) The role of the renin-angiotensin system in the initial cortical and glomerular ischaemia following some forms of shock may be of great importance (Henry, Lane, and Kashgarian, 1968; Brown, Gleadle, Lawson, Lever, Linton, MacAdam, Prentice, Robertson, and Tree, 1970) . The hypotension occurring in shock causes a release of renin into the blood from the kidney with the formation of angiotensin I and II. Angiotensin II in turn causes preglomerular arteriolar constriction and thus decreased glomerular filtration. Henry etal (1968) , using a rat experimental model with subcutaneous injection of potassium dichromate, found that proximal tubular necrosis occurred in sodium-depleted animals and not in salt-loaded animals. This may be of importance in explaining the variability of the degree of renal damage in different patients in the same or similar clinical situations. It is not clear how the reninangiotensin system is activated in cases where there is no severe hypotension as the initial insult and furthermore it does little to explain the prolonged oliguria or anuria that occurs even after the blood pressure has returned to normal limits.
The functional evidence of the glomerular origin of the oliguria makes it all the more extraordinary that more attention has not been paid to the glomeruli by pathologists. However, Sevitt (1959) did describe an exudate in the capsular space together with multiple lipid droplets in the glomerular epithelium. This deficiency in histological knowledge has to some extent been rectified by the work of Olsen and Skjoldborg (1967) and of Clarkson et al (1970) . The latter study, which found deposits of fibrin and platelets consistent with intraglomerular capillary thrombosis, was carried out in conjunction with serial studies of coagulation and fibrinolysis and showed abnormalities to be present in the oliguric phase with elevation of the fibrin-fibrinogen degradation products, plasma fibrinogen, soluble fibrin monomer complexes, and platelet factor 4. Recovery of renal function was associated with resolution of the intraglomerular coagulation, correction of coagulation abnormalities, and excretion of large quantities of fibrin-fibrinogen degradation products in the urine.
Clarkson et al (1970) considered that the obstruction of the glomerular capillaries by fibrinplatelet aggregates could be a major factor in the oliguria. While these aggregates may play a part in the suppression of urine production it is by no means certain that it is an all-important one. In any electron microscope study it must be remembered that only a very few glomeruli are sampled and it cannot be assumed that appearances seen in these are a true reflection of the state of affairs in all the glomeruli in the kidney.
One of the most fundamental objections to the theory that lack of glomerular filtration is the prime cause of the anuria, however, is based on radiological evidence. Intravenous urography was performed by Sherwood (1966, 1967) in an experimental study of acute renal failure in the rat induced either by temporary renal ischaemia or by intraperitoneal injection of mercuric chloride. All the animals were azotaemic though urine output ranged from polyuria to anuria but a dense nephrogram was always obtained even in animals with complete anuria. It was concluded that glomerular filtration was occurring. These findings supported the work of Sims et al (1959) . Furthermore Bank, Mutz, and Aynedjian (1967) , using a micropuncture technique on rats with anuria due to mercuric chloride administration, demonstrated glomerular filtration to be taking place at a normal rate. They also injected intravenously lissamine green in the early stages of anuria and showed that the dye appeared in the first part of the proximal tubule but that it was barely visible in the terminal parts of the proximal tubule and did not appear at all in the distal tubule, suggesting that the proximal tubular epithelium had become abnormally permeable to the dye and to the glomerular filtrate, with resultant oliguria.
Early observations on angiography in acute renal failure in human subjects by Shaldon et al (1964) Fry and Cattell (1972) and they show in a convincing manner that a dense nephrogram occurs in patients with acute tubular necrosis and, in contrast to normal subjects, it persists unchanged for hours or days. Since the nephrogram depends on the contrast medium being filtered by the glomerulus and being present in the tubules these observations favour the 'back diffusion' theory for explaining the oliguria and it now seems most likely that in many, and indeed most, cases of the 'shock kidney' the oliguria is due to the complete reabsorption of the glomerular filtrate into the renal venules through the damaged proximal tubular epithelium and is probably dependent on an osmotic effect. It Heptinstall (1962) is of great interest in that a patient who suffered acute tubular necrosis secondary to carbon tetrachloride inhalation survived 67 days of oliguria with a urinary output never exceeding 350 ml per 24 hours. In this case renal biopsies were performed on the 38th and 64th days and showed normal glomeruli and regenerating tubular epithelium but in spite of this histological evidence of recovery the clinical course was a relentless one of persistent oliguria and the patient died.
Summary
The pathological findings and the pathogenesis of the oliguria in acute renal failure (acute tubular necrosis) are disputed by many pathologists and physicians. In assessing the histological features it is essential to realize that these alter with time and that some instances where no necrosis has been found in the tubular epithelium may be due to the biopsy, or necropsy, material having been taken after regeneration has started to take place. Also the tubular lesions may often be focal and so missed unless numerous sections are examined or special techniques, eg, microdissection of nephrons, are used. Finally tubules which are regenerating, or on light microscopy appear to have regenerated, may still show profound functional abnormalities.
The ultrastructural glomerular changes which have been described by some authors must be viewed with caution when invoked as an explanation for the oliguria, as here sampling is of the greatest importance. It must not be assumed that changes seen in a few, or even all, the capillaries in one glomerulus are present throughout all the glomeruli in such quantity as to cause functional disturbance.
Ischaemia, mediated through the renin-angiotensin system, is probably of considerable importance in the initial fall in glomerular filtration and in the ischaemic element in the causation of cell necrosis in the tubules. It does not however provide an adequate explanation for the oliguria once the blood pressure has returned to normal. Radiological evidence, in the form of dense persistent nephrograms, as well as some animal experimental studies, strongly suggest that back diffusion of glomerular filtrate, originally proposed by Richards in 1929, is an important factor in the pathogenesis of prolonged oliguria. I am grateful to Mr Dennis Jerrome for assistance with the electron micrographs.
